Sixty-two novel microsatellites with tri-or hexa nucleotide motifs were developed in peach from enriched genomic libraries. Among them, 49, 6 and 7 microsatellites consisted of repeat motifs of trinucleotides, hexanucleotides, and a complex of tri-/hexanucleotides, respectively. The degree of polymorphism of these microsatellites was lower than that of dinucleotide microsatellites. Chromosomal regions of the Prunus genome were identified for 15 microsatellites using a bin mapping strategy with a Prunus reference map. Two of them could be positioned into a new bin. Cross-species amplification was tested for trinucleotide (hexanucleotide) microsatellites within Prunus and more than 90% of them were applicable to the tested species.
Introduction
Peach [Prunus persica (L.) Batsch] is one of the most important commercially cultivated fruit trees in temperate and subtropical zones. Peach belongs to the genus Prunus in the family Rosaceae. The genus Prunus, with a diploid (2n = 16) and relatively small genome consisting of 290 M base pairs/1C (Arumuganathan and Earle 1991) , includes many other economically important species such as Japanese plum (P. salicina Lindl.), apricot (P. armeniaca L.), almond (P. dulcis Mill.), Japanese apricot (P. mume Sieb. et Zucc.), sour cherry (P. cerasus L.) and sweet cherry (P. avium L.). Together with the genus Prunus, numerous other important fruit trees, i.e., apple (Malus spp.), pear (Pyrus spp.) and strawberry (Fragaria spp.), as well as rose (Rosa spp.) , are included in the family Rosaceae. Among them, peach is the best characterized species, since many genetic linkage maps have been constructed with molecular markers that have enabled to determine the positions of more than 30 phenotypic traits (Rajapakse et al. 1995 , Dirlewanger et al. 1998 , Yamamoto et al. 2001 , Yamamoto and Hayashi 2002 , Dirlewanger et al. 2004 .
Genetic linkage maps have been constructed for peach, almond, peach × almond and cherry (Joobeur et al. 2000 , Bliss et al. 2002 , Dirlewanger et al. 2004 , Lambert et al. 2004 . One of these, a map constructed with the F 2 of a cross between 'Texas' almond and 'Earlygold' peach, has been adopted by the stone fruit community as a reference of the genus (Dirlewanger et al. 2004 ). This Prunus reference map consists of 562 markers and encompasses 519 cM. More than 10 genetic linkage maps constructed for Prunus have been anchored to this reference map by microsatellite markers (Dirlewanger et al. 2004) .
Microsatellites (or simple sequence repeats, SSRs) are short stretches of DNA that are tandemly repeated several times. Because of their reproducibility, co-dominant inheritance, abundance in the genome, high degree of polymorphism, easy scoring and suitability for automation, they have become popular tools for genetic analysis such as parentage analysis, cultivar identification, synteny analysis, genome mapping, marker-assisted selection and population genetics (Weber and May 1989 , Bowers and Meredith 1997 , Bowers et al. 1999 , Testolin et al. 2000 .
For peach, over 400 dinucleotide microsatellites have been added to linkage maps and their usefulness has been demonstrated (Cipriani et al. 1999 , Sosinski et al. 2000 , Testolin et al. 2000 , Dirlewanger et al. 2002 , Lopes et al. 2002 , Yamamoto et al. 2002a , Aranzana et al. 2003 , Decroocq et al. 2003 , Struss et al. 2003 , Mnejja et al. 2004 , Mnejja et al. 2005 . Recently, 264 microsatellite-derived markers have been assigned to chromosomal regions (bins) of the Prunus genome using the selective or bin mapping approach , where a set of six plants selected from the progeny used for the construction of the Prunus reference map defines 65 different bin genotypes (joint individual genotypes of the six-plant set). Each of these bin genotypes identifies a different region of the map with an average length of 7.8 cM.
Although a sufficient number of microsatellites has been developed for Prunus, almost all of them contain dinucleotide motifs from enriched genomic libraries. It has been reported that microsatellites with different motif types are distributed in different patterns in the genomes (Subramanian et al. 2003 , Zhang et al. 2004 . Microsatellites with di-, tetra-and pentanucleotide motifs are distributed mainly in intron and intergenic regions, while about half of the microsatellites with tri-and hexanucleotide motifs are distributed within the exon regions (Subramanian et al. 2003) . Since trinucleotide microsatellites generally give fewer "stutter bands" than dinucleotide microsatellites (Diwan and Cregan 1997) , they can provide more precise allele identification than dinucleotide microsatellites. However, because there are few reports on trinucleotide microsatellites in Prunus, it is necessary to develop microsatellites with different motif types such as trinucleotide motifs for genetic studies.
There are 10 kinds of motifs for trinucleotide repeats, i.e, AAC (same as ACA, CAA, GTT, TTG and TGT), AAG, ACC, ACG, ACT, AGC, AGG, ATC, TAT and CGC. It was reported that microsatellites are not distributed uniformly in the genomes (Katti et al. 2001) . In the Arabidopsis thaliana genome, it was found that AAG is the most frequent motif (Loridon et al. 1998) . Trinucleotide microsatellites are very abundant in peach ESTs, with the most frequent motifs being ATC, AGC, AAG, AGG and ACG, in decreasing order of frequency (Genome Database for Rosaceae, http:// www.mainlab.clemson.edu/gdr/). In the cases of almond and rose ESTs, AGC and AAG are the most frequent motifs, respectively. However, there is no information about motif frequency for nucleotide repeats in peach genomes.
In the present study, 62 novel trinucleotide microsatellites, including hexanucleotide motifs derived from peach genomic libraries enriched for trinucleotide motifs were isolated and characterized. Transferability of the newly developed microsatellites was examined both across species and across genera.
Materials and Methods

Plant materials and DNA extraction
Fourteen peach [Prunus persica (L.) Batsch] accessions, 'Akatsuki', 'Juseitou', 'Akame', 'Redheaven', 'Independence', 'Tianjin Shuimitao', 'Ohatsumomo', 'Nagano Yaseitou', 'Thai Yaseitou', 'Ouchou Yutou', 'Kutao 1', 'Houkimomo', 'Swatow' and 'Kikumomo' were used as plant materials for evaluating the amplification and polymorphism of the developed microsatellites.
Cross-species amplification was tested for 8 Japanese plum (P. salicina Lindl.) varieties ('Huangganli', 'Yamaguchi', 'Terada', 'Beauty', 'Santa Rosa', 'Formosa', 'Sordum' and 'Shiro'), 8 apricot (P. armeniaca L.) varieties ('Shinshiuoomi', 'Heiwa', 'Harcot', 'Niigataoumi', 'Early Orange', 'Yamagata 3 gou', 'Miyasaka' and 'Jinkyou') and 8 sweet cherry (P. avium L.) varieties ('Giorgia', 'Lambert', 'Lapins', 'Moreau', 'Sam', 'Vega', 'Rockport Bigarreau' and 'Satonishiki') . Cross-genus amplification in the family Rosaceae was tested using apples 'Fuji' and 'Sansa' (Malus × domestica), pears 'Housui' (Pyrus pyrifolia Nakai) and 'Bartlett' (Pyrus communis L.), strawberries 'Hukuba' and 'Kouko-wase' (Fragaria × ananassa Duch.) and rose 'Rote Roza' (Rosa hybrida).
Genomic DNA was isolated from young leaves by CTAB-based extraction and purified using a QIAGEN-tip 20 column (QIAGEN) (Yamamoto et al. 2000) .
Construction of enriched genomic libraries
Enriched genomic libraries were constructed using the peach cultivar 'Akatsuki' with a slight modification of the magnet beads method (Yamamoto et al. 2002b) . Genomic DNA (600 nano grams) was digested with Eco RI and Mse I and then ligated into adapters using the AFLP Analysis System I (Invitrogen). After a pre-polymerase chain reaction (PCR) with 10 cycles, PCR products were hybridized with 10 or 100 pmoles of each 3′-biotin-labeled (AAG) 8 , (ATC) 8 , (AGG) 8 , (AGC) 8 , (ACG) 8 -oligonucleotide, their mixture and 3′-biotin-labeled (AGI) 8 (I = inosine)-oligonucleotides. The samples were mixed thoroughly with Dynabeads M-280 Streptavidin (Dynal) in a STEX buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, 0.1% TritonX-100, pH 8.0) and washed 3 or 6 times. After boiling for 3 min, the target DNAs were recovered from the supernatant solution. PCR was conducted using the enriched DNAs as templates with 25 cycles and the PCR products were ligated into the pCR-2.1 TOPO vector (Invitrogen) and transformed into E. coli cells of TOP10 (Invitrogen).
Microsatellite screening and PCR amplification
Screening of the clones containing repeat sequences, design of the primer sets and amplification were performed according to the method of Yamamoto et al. (2002) . The colonies were used as templates for direct PCR to amplify insert DNAs of the plasmid. Blot hybridization was performed by using the PCR products with a BrightStar BioDetect kit (Ambion) to select the clones containing repeat sequences. Sequencing of the chosen clones was analyzed using a PRISM 377 DNA sequencer (Applied Biosystems). Primer sets were designed using OLIGO software version 6.0 (Molecular Biology Insights).
In each primer set, one primer was labeled with a fluorescent chemical (Fam or Vic or Ned), and a pig tail (gtttctt) (Brownstein et al. 1996) sequence was added to the other, non-labeled primer. Amplification was performed as follows: 35 cycles at 94°C for 1 min, 55°C for 1 min and 72°C for 2 min, for denaturation, annealing and primer extension, respectively. PCR products were separated and detected using an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). The size of the amplified bands was determined based on an internal standard DNA (400HD-ROX, Applied Biosystems) using GeneScan software (Applied Biosystems).
Homology search
About 9,000 Prunus EST unigenes were downloaded from the Genome Database for Rosaceae (GDR) (http://www.bioinfo.wsu.edu/gdr/SearchEST_Prunus.shtml). A blastn search was performed using 63 sequences with masking microsatellites and Prunus EST unigenes.
Arabidopsis thaliana peptide sequence database (ftp://ftp.tigr.org/pub/data/a_thaliana/ath1/SEQUENCES/) (27857 sequences) was also used for the blastx search.
Statistical analysis and mapping of microsatellites
Observed heterozygosity, expected heterozygosity and polymorphic information content (PIC) were determined using Cervus 2.0 (Slate et al. 2000) .
Chromosomal regions were identified for the developed microsatellites using the bin mapping strategy for the Prunus reference map (Dirlewanger et al. 2004) . Bin mapping was conducted according to the method of Howad et al. (2005) . Six F 2 plants derived from a cross between 'Texas' almond and 'Earlygold' peach were used for genotyping. One of the 67 genome bins could be identified for each microsatellite.
Results and Discussion
Construction of enriched genomic libraries
Six kinds of motifs, i.e., AAG, ATC, AGG, AGC, ACG, their mixture and AGI were used for enriching repeat sequences. In the present study, nucleotide sequences containing at least 5 repeats (at least 15 bp in length) were identified as microsatellites except for two (MA087 and MA135 containing 4 repeats, Table 2 ). By using 100 pmoles of each oligonucleotide, it was found that about 1.6% to 1.7% (ATC, AGG, AGI), 0.5% (AAG, ACG, the mixture) and none (AGC) of the isolated clones contained microsatellites (Table 1) . Although almost all of them contained the target enriched motifs, the microsatellites with an AGG motif were isolated even when (ACG) 8 oligonucleotides were used. Interestingly, by using (AGI) 8 oligonucleotides which could bind to AGG, AGA, AGC and AGT, 88% motifs of the isolated microsatellites consisted of AGG. These results suggested that AGG may be one of the easily enriched motifs.
By using the (AGG) 8 oligonucleotide, we compared the effect of the amount of biotin-labeled oligonucleotide. When we used 1000, 100 and 10 pmoles of (AGG) 8 in each library, 0.3%, 1.6% and 2.9% of the analyzed clones bore microsatellites, respectively (Table 1 ). In the library enriched with 10 pmoles of (AGG) 8 oligonucleotide, 22 independent clones with microsatellites were isolated from 768 clones, and 18 of them displayed complete and/or interrupted AGG motifs (Table 1) . Therefore, as far as we tested, the optimum amount of biotin-labeled oligonucleotide was 10 pmoles. The same results were obtained when we used (AGI) 8 nucleotides. By using 100 pmoles and 10 pmoles of (AGI) 8 oligonucleotides in each enriched library, 1.7% and 4.9% of the clones contained the microsatellite motifs (Table 1 ). In the library enriched with 10 pmoles of (AGI) 8 oligonucleotide, 38 independent clones with microsatellites were isolated from 768 clones, and 34 of them showed complete and/or interrupted AGG motifs, respectively (Table 1) .
In the AGG-enriched library, the insert length of the obtained clones containing microsatellites ranged from 260 to 564 bp, with an average value of 390 bp. The value of the insert length in the AGI-enriched library was higher, ranging from 309 to 711 bp with an average value of 494 bp.
Microsatellite characterization
Seventy-nine independent clones containing trinucleotides, hexanucleotides, a complex of tri-/hexanucleotides and other motifs (Table 2) were isolated. Since 4 out of the 79 obtained sequences, flanking regions around the repeat 1) The microsatellites were grouped into four types, Tri: trinucleotide, Hex: hexanucleotide, Comp: complex, Others: other motifs.
2) Regarding the 2 microsatellites, (AGG) 5 was located in the intron-exon junction, and (AGG) 4 in the intron region.
3) Regarding the 2 microsatellites, only (AAG) 6 was located in the CDS. 4) Indicates linkage group No. and region. 5) Possible location between bin 5:41 and bin 5:46. 6) MA089b, MA133b, MA139b were designed based on the same sequences as those of MA089a, MA133a, MA139a, respectively.
sequences were too small to design primer sets, they were deleted in further analysis. Among the remaining 75 sequences, three contained 2 microsatellites at separate positions, and 2 primer sets were designed for each (MA089a/b, MA133a/b and MA139a/b, Table 2 ). In total, we designed 78 primer sets by using 75 sequences. All of the 78 primer sets except for one (MA080a) could amplify the target fragments. Very small "stutter" bands were generated from trinucleotide microsatellite alleles. Among the remaining 77 primer sets, 11 microsatellites were excluded from further analysis, because they exhibited patterns that were complex or difficult to interpret. The remaining 66 primer sets (based on 63 sequences) were used for further analysis ( Table 2) . Out of the 66 primer sets, 62 were designed to analyze tri-/ hexanucleotide microsatellites (Table 2) , and 4 were designed to amplify the other types of microsatellites (designated as "Others" in Table 2 ). According to GENSCAN (http://genes.mit.edu/GENSCAN.html), at least 29 tri-/hexa nucleotide microsatellite sequences that appeared to be located within the coding regions (CDS) ( Table 2 ). This is in good accordance with previous studies in which it was reported that tri-and hexanucleotide microsatellites were distributed mainly in exons, while di-, tetra-, pentanucleotide microsatellites occurrd mainly in introns (Subramanian et al. 2003 , Zhang et al. 2004 . A blastn search was performed using 63 sequences with masking microsatellites and 9,000 Prunus EST unigenes downloaded from the GDR. Eight of the tri-/hexanucleotide microsatellites displayed a significant homology (e-value < 1e-95) to Prunus EST unigenes (Table 3) . In a blastx search performed by using the Arabidopsis database, 22 sequences including tri-and/or hexanucleotide microsatellites showed a significant homology (e-value < 1e-8) to Arabidopsis genes.
Three microsatellites (MA099a, MA132a and MA148a) were homologous to transcription factors. Transcription factors play key roles in many aspects of plant development (Nishitani et al. 2001, Folter and Angenent 2006) . Zincfinger protein transcription factors regulate seed development (Huang et al. 2006) or flower development (Jenkins et al. 2005 , Colasanti et al. 2006 . CCAAT is one of the most widespread elements, present in 25% of eukaryotic promoters (Bucher 1990) . In rice, one of the CCAAT-box binding factors, the NF-YB protein, interacted with the rice transcription factor OsMADS18 (Masiero et al. 2002) .
Microsatellite polymorphism
Out of 62 microsatellite markers with tri-and/or hexanucleotides, 18 showed polymorphisms in 14 peach varieties with 2-3 alleles per locus, whereas the other 44 loci exhibited monomorphic patterns ( Table 2) . Values of the observed heterozygosity, expected heterozygosity and PIC ranged from 0 to 0.429 (mean value of 0.03), 0 to 0.516 (mean value of 0.08) and 0 to 0.464 (mean value of 0.06), respectively. In the case of (AG) n microsatellites of peach, the average values of the observed heterozygosity and expected heterozygosity were 0.15 and 0.66, respectively (Yamamoto et al. 2002a) . Our results are consistent with the low polymorphism levels reported in other plant species for trinucleotide (Loridon et al. 1998 , Nunome et al. 2003 . Within the 29 tri-/hexanucleotide microsatellites located in the CDS, the values of the observed heterozygosity, expected heterozygosity and PIC ranged from 0 to 0.143 (mean value of 0.02), 0 to 0.516 (mean value of 0.06) and 0 to 0.374 (mean value of 0.05), respectively. The lower polymorphism of the tri-/ hexanucleotide microsatellites may not result from their location but from the nature of the tri-/hexanucleotide microsatellites.
Mapping of microsatellites
In order to identify genomic regions of the obtained microsatellites, bin mapping was conducted using 'Texas' and 'Earlygold', their F 1 hybrid and their F 2 progeny. Among the 62 tri-/hexanucleotide microsatellite markers, 56 showed clearly amplified fragments, and 41 showed a monomorphic pattern. The remaining 15 polymorphic microsatellites were bin mapped ( Table 2) . Fourteen of them were positioned in one of the 65 bins defined by Howad et al. (2005) . At least one microsatellite mapped to each linkage group except for linkage group 8 ( Table 2) .
The microsatellites MA085a and MA111a showed the bin genotype AHHBAA in the six F2 plants of the bin set (where A is homozygote like the female parent, H is heterozygote and B is homozygote like the male parent). Although this bin genotype was not recorded by Howad et al. (2005) , but its position is most likely in linkage group 5 between bin 5:41 (AHHHAA) and bin 5:46 (AHHBAH). The genotype of the seventh progeny (No. 27) was A, confirming the position of MA085a and MA111a in this region, linkage group 5 and identifying there a new bin (AHHBAA). The position of this new bin needs to be further verified by running the whole population for this marker.
Cross-species amplification
Among the 62 microsatellites with tri-and/or hexanucleotide motifs, 57 (92%) gave amplified fragments for all the tested species in the genus Prunus (Table 4) . Of the remaining 5 microsatellites, two did not amplify any other species than peach, one gave amplified fragments also in sweet cherry and two amplified in Japanese plum and apricot. Cipriani et al. (1999) reported that among 17 dinucleotide microsatellites from peach, 11 (65%) gave apparent amplified fragments in Japanese plum, apricot and sweet cherry. Out of 31 dinucleotide microsatellites developed from almond, 17 (54%) produced good amplification in Japanese plum, apricot and sweet cherry (Mnejja et al. 2005) . Our results suggest that the applicability of tri-/hexanucleotidebased microsatellites to other species was higher than that of dinucleotide markers.
Low polymorphism was observed, namely 1-3 alleles per locus, with an average value of 1.33 in 14 peach accessions, while Japanese plum, apricot and sweet cherry displayed a relatively higher polymorphism (Table 4) . These results could be ascribed to the self-incompatible nature of Japanese plum, apricot and sweet cherry, compared to the self-compatible peach. The microsatellites which exhibited polymorphic alleles in both Japanese plum and apricot (ex. MA085a, MA116a, MA122a, MA134a) could be used for parentage analysis and cultivar identification in these species.
Cross-genus amplification
Cross-genus amplification of 62 microsatellites with tri-/hexanucleotide motifs was analyzed by using other Rosaceae (Table 4 ). In the genera Malus, Pyrus, Fragaria and Rosa, 25 to 32 (40 to 51%) microsatellites showed amplified fragments derived from a single locus or multiple loci. A total of 22 microsatellites (35.5%) gave amplified fragments in all the tested genera in Rosaceae, and 27 (43.5%) in at least one other genus in addition to Prunus. These 49 microsatellites (82.2%) could be applicable not only to the Prunus genus but also to the other genera in Rosaceae.
About half of the 40 peach microsatellites with (AG) n motif studied by Dirlewanger et al. (2002) gave amplified fragments in both Prunus and Malus and/or Fragaria. Sosinski et al. (2000) reported that three out of 7 peach dinucleotide microsatellite markers gave a reliable amplification in rose. Among 15 (AG) n microsatellite markers developed in apple, only one marker amplified scorable bands Primer sets which amplified one or two fragments were considered to detect one locus.
2) The number of amplified fragments was 3 and over.
in Amygdaloideae (Liebhard et al. 2002) . Our data suggest that the utility of tri-and/or hexanucleotide-based microsatellites is higher than that of dinucleotide microsatellites.
